A series of hydraulic-fracture experiments using a downhole tiltmeter array, called an inclinometer array, was conducted at the Department of Energy (DOE)/Gas Research Institute (GRI) Multi-Site facility in Colorado. The inclinometer array was used to measure the deformation of the reservoir rock in response to hydraulic fracture opening and confirm microseismically measured results. In addition, the inclinometer array was found to be a useful tool for accurately measuring closure stress, measuring residual widths of both propped and unpropped fractures, estimating proppant distribution, and evaluating values of in situ moduli. 
INTRODUCTION
Hydraulic fracturing is now understood to be a complicated process (Gidley et al, 1989) governed by the injection parameters (fluid viscosity and density, injection rate), rock-mechanics properties (moduli, strength), in situ stress, and discontinuities (faults, fractures, bedding) within the reservoir medium. Because of the complexities introduced by common reservoir discontinuities, the fracturing process is poorly represented by standard models, and discrepancies between model results and production are often resolved by the introduction of any number of ad-hoc mechanisms that can be artificially adjusted to obtain the desired result (Warpinski et al, 1994) .
As instrumentation technology and computer processing capabilities improve, however, it is slowly becoming possible to image hydraulic fractures using microseismic techniques introduced in the 1970's (Albright and Pearson, 1982; Hart et al, 1984) . This advanced technology should provide sufficient data to better understand the fracturing mechanisms, validate models, and truly optimize fracture design, One final issue yet to be resolved, though, is the correlation between the "seismic" image of the fracture and the actual rock deformation (Warpinski, 1994) . This paper describes the use of a downhole tiltmeter array, dubbed an inclinometer array to distinguish it from surface tiltmeters, to measure the actual rock deformation and provide a comparison with the microseismic results . In addition, the inclinometer array has also provided other useful information on fracture behavior and reservoir properties, some of which is described here.
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The' inclinometer ahd microseismic data shown in this paper were all taken at the GRI/DOE M-Site experiment located in the Piceance basin of west-central Colorado near the town of Rifle Branagan et al, 1996; Warpinski et al, 1996) . This site consists of several closely spaced wells, one of which has a 30-level tri-axial receiver array and a 6-level bi-axial inclinometer array grouted in place at depths from 1250-1500 m in Mesaverde strata. In addition, multi-level wireline tri-axial receivers are routinely run in other wells to monitor hydraulic fractures which have been conducted in 3 separate intervals.
All these data are correlated with pressure and other injection parameters, as well as tracers and other diagnostics.
MICROSEISMIC TECHNIQUE

I
The microseismic technique, as applied here, involves the multi-level monitoring (Warpinski, 1994) of seismic disturbances triggered by the changes in stress and pressure associated with the hydraulic fracture using a tri-axial downhole receiver. By recording the compressional-wave and shear-wave arrivals and the particle motion of the compressional wave, the distance and direction to the origin point of the microseism can be measured. In practice, such a measurement is difficult in sedimentary environments with only a single receiver, and efforts have focused on developing multi-level arrays to accurately locate microseisms. Multi-level arrays have additional problems of telemetry rates and data processing requirements, but improvements in technology have now solved these aspects of the problem (Sleefe et a€, 1995) .
In a typical application, a microseism is detected on several receivers of the multi-level array, data are discriminated with an event detection scheme, relevant information are obtained, and the origin point is located assuming either a homogeneous formation or some more complicated layered environment. The microseisms usually form an ellipsoid around the fracture, mapping out the region in which stress and pressure have been changed sufficiently to allow rock discontinuities to undergo slippage. It is the slippage that induces the microseism, or microearthquake.
While microseisms can be mapped fairly accurately, the question has remained as to how well the microseismic image compares to the actual mechanical response. Since it is impossible to actually see the fracture, another possibility for veri@ing the microseismic image is to measure the rock deformation and show the comparison between deformation and seismic results. Such a deformation measurement would be difficult to achieve with any of the common stress or strain measurement devices, but the tiltmeter provides both the sensitivity and the emplacement capability for obtaining such measurements.
INCLINOMETER ARRAY
Tiltmeters have successfully been employed for years as a surface monitoring technique for hydraulic fractures (Davis, 1983; Palmer, 1990; Wright and Conant, 1995) . These devices provide reliable information on fracture azimuth and, occasionally, can also provide other useful information about fracturing characteristics. This study employs tiltmeters in a new mode which is proving useful for extracting other valuable information about fracture dimensions and fracture mechanisms.
The method of deployment is a vertical array of tiltmeters cemented in place in an offset well, at a depth directly across from the hydraulic fracture . Being in a nearby offset well, the inclination amplitudes are several orders of magnitude greater than would be detected at the surface. Furthermore, since the inclination is a gradient of the strain, all of the crack models in the literature can be reinterpreted in terms of the inclination and exactly the same information can be obtained as if stress or strain measurements were made. In particular, a linear array of inclinometers in a vertical well adjacent to a hydraulic fracture provides highly sensitive data on the fracture height and width and second order sensitivity on the length. These results can be used to validate the microseismic data.
In addition to the height confirmation, however, the inclinometers also provided several other important pieces of information, such as a value of the minimurn in situ stress based on the actual measurement of fracture opening, a measure of the fracture width during the treatment, a measure of residual width after the treatments, and a validation of the correct in situ modulus for hydraulic fracture modeling.
MODELING INCLINOMETER DEFORMATION RESULTS
In order to interpret the inclinometer data, it is necessary to reformulate typical stress-strain equations in terms of the gradient of the strain (Warpinski, 1994) . There are several analytic solutions that can be applied to inclinometers directly, including Sneddon's (1 946) formulations for 2-D and radial cracks, Green and Sneddon's (1 949) solution for a flat elliptical crack, and England and Green's (1 963) solution for a 2-D crack with a variable pressure distribution which can also be used to solve the case of a variable stress distribution in the reservoir. Since there is not enough space here to give details for each, only the simplest case of a 2D crack is shown.
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Figure 1 : Geometry for 2D crack, after Sneddon (1 946) Sneddon (1946) gives a formulation for an infinite 2-D vertical crack in terms of radial distances and angles from the center and tips of a crack to any external point. The geometry of this example is shown in Figure 1 . Formulations for the inclination are straightforward and are given in terms of the pressure, P, Poisson's ratio, v, Young's modulus, E, and the geometry parameters as and where uy and y are the strains normal to a vertical crack and out of the plane of the crack, respectively, and x is the vertical axis.
COMPARISON OF MICROSEISMIC AND INCLINOMETER RESULTS
The primary reason for emplacing the inclinometer array was to verify the seismic diagnostic accuracy. Figure 2 shows the test geometry for a series of experiments that was conducted at M-Site. The lateral spacing between the monitor well and the fracture well was approximately 100 m, while the spacing between the wireline well and the fracture well was about 64 m. For a minifrac designated 6B (one of 7 tests in the B sandstone), a linear gel minifrac consisting of 64 m3 of fluid pumped at 3.5 m3/min, 30 levels of tri-axial seismic receivers in the monitor well were active, as well as a 5-level array in the offset wireline well. In addition, the 6 bi-axial tiltmeters (3 around the B sandstone, 3 around the C sandstone) were also monitoring formation deformation during and after the fracture treatment. Figure 3 shows a side view image of the microseisms detected during a linear-gel minifrac from receivers in two wells (different symbols for data fiom each well). This image indicates that the microseismic height is on the order of 23 m, depending on how the three outlier points (one above, two below) are treated. The fracture is asymmetric, with the east (right-side) wing length being 120-135 m and the west (left-side) wing being only 80-90 m. Although it can not be shown in this paper, much additional information can be extracted by viewing the development of the microseisms with time. Growth patterns show that the fractures initially are confined within the sandstone interval and quickly achieve significant length. However, once a certain pressure level is reached and height growth begins, the length growth slows markedly. To confirm these types of results, inclinometer data were taken during the same hydraulic-fracture tests. These data were inversely modeled to extract the geometry of the fracture causing the deformation. Figure 4 shows an example of the inclinometer data taken in a direction normal to the fracture as a function of time.
In these data, the rapid response of the tiltmeters to fracture opening can be seen. The large amplitudes of the inclination for a downhole array is apparent, especially when compared to nanoradian or 10's of nanoradian response for typical surface tiltmeters. The closure process also is well monitored by these instruments, allowing residual widths and other parameters to be estimated. The maximum inclinometer .data (taken at the end of pumping) as a function of depth are shown in Figure 5 with comparison to several models. The inverse task is to find fracture height and length parameters that provide the best possible match of the measured minifrac data. All other parameters, including formation moduli and stress, injection pressure, and distances and orientation from the fracture are presumably known. Shown in Figure A comparison of the seismic height to the inclinometer heights (all taken from finite-element models) for the five tests in which there are good data for both is shown in Table 1 . In general, the inclinometer heights are slightly less than the seismic heights. The final fracture, 7B, shows the same heights for the imaged and modeled geometries because the seismic height distribution was too complex to compare with a constant height model. Instead, the seismic geometry (which included a large-height section (41.9 m) near the wellbore and a reduced-height section (24.4 m) at the extremity) was used in the finite-element model and gave excellent agreement. The small discrepancy seen in fractures 3B -6B could be due to inaccurate moduli and stress values for the various layers or could be due to the microseisms occurring out ahead of the i crack tip caused by'increased shear stresses in the tip vicinity. Nevertheless, the agreement between seismic and inclination results is excellent and clearly validates the seismic heights. 
MEASUREMENT OF CLOSURE STRESS
One of the most important parameters for hydraulic fracturing analysis and modeling is the closure stress, defined as the baseline stress of the reservoir interval which is being fractured. Since all pressure measurements include the closure stress plus the net fracturing pressure, this parameter must be accurately measured to obtain realistic model matches. Unfortunately, there is much disagreement in the literature about how the closure stress should be measured and how to interpret closure-stress tests. The application of downhole inclinometers has helped provide new information on fracture opening and closure and our ability to make good closure stress measurements.
Probably the most surprising aspect of all of the tests conducted at M-Site, whether they were water, lineargel, or cross-linked-gel injections, was the complete lack of any indication of mechanical closure in the inclinometer results. As seen in Figure 4 , the fracture closure process is a smooth, continuous one which often leaves residual inclinations of 20-30% of the maximum recorded value at any station. This residual tilt is probably due to residual width in the crack, poro-elastic expansion due to increased pore pressure, and slight shifting of the formation in response to the hydraulic fracture. Microseisms, which are shear slippages, provide proof that some re-adjustment of the formation is occurring. The smooth decrease in inclination suggests that the entire process is a very continuous one where no point can be construed to be the closure of ' the crack. Thus, the'dificulty in choosing closure from a hydraulic-fracture stress test is to be expected since there is no closure point in the actual rock deformation.
Fortunately, the inclinometers can be used to determine closure stress upon reopening of a fracture. Figure 6 shows the beginning of an injection in the B sandstone using water pumped at a low rate (0.2 m3/min) to measure the point at which the crack begins to dilate. In this case, the crack response, which begins at about 18.5 minutes, can be compared to the downhole pressure to obtain the closure stress, which for this sandstone is approximately 21 MPa. This technique was found to be successful in the C sandstone as well. Inclinometer response showing crack opening and closure stress
The procedure for obtaining the closure stress requires that the formation be already fractured or broken down in order that a closed conductive crack be present. Otherwise, a large breakdown pressure may be required to start fracturing and no closure-stress measurement can be obtained. Secondly, the injection rate must be relatively slow so that fluid can penetrate into the fracture and begin to reduce stress on the fracture wall in a continuous manner. Otherwise, a reopening pressure is likely to be obtained, which again will make it impossible to determine the closure stress. When done correctly, the opening of the fracture is easily identifiable and the closure stress readily obtained. It is also worth noting that the closure stress measured in this manner is relatively close to that measured using small volume hydraulic fractures and finding a closure stress using square-root-of-time plots, graphical techniques, or other conventional means.
RESIDUAL WIDTHS ASSOCIATED WITH UNPROPPED FRACTURES
All of the tests at M-Site appear to leave a permanent or near-permanent residual deformation in the reservoir. Figure 7 shows the inclinations that were measured in the direction normal to the fracture on one of the inclinometers during a 40 day period during which four water injections were conducted between days 15 and 17. The first two injections were a very small breakdown (day 15) and a step-rate test (day 16) that resulted in maximum inclinations of only about 0.5 pradians above their baselines. Two additional injections, both conducted on day 17, were considerably larger with respective injected volumes of 16 and 32 m3. These tesk induced inclination responses of 4 and 4.5 pradians, respectively, relative to the previous injection. Interestingly, the four fracture treatments resulted in a permanent inclination offset of over 1 pradian with most of this permanent offset occurring due to the last two injections. This permanent offset is most likely due to residual width (-0.5 mm for the observed residual deformation) since any poro-elastic component due to reservoir pressurization would have decayed within days. Relatively few microseisms were detected, indicated that the formation is undergoing little permanent redistribution during fracturing.
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PROPPANT PLACEMENT
The measurement of residual widths also applies to propped fractures and can be used to measure the propped fracture width and the distribution of propping materials. Figure 8 shows a comparison of normalized inclination distributions at the end of pumping and after closure. The maximum inclination during pumping was 13.84 pradians and 5.40 pradians after closure with essentially the same distribution. 
__ __ FigGe 8-Comparison of inclination distributions during and after fracturing
Based on the finite element analyses, the maximum width at the wellbore was 1 . 1 cm at the end of pumping, so the maximum propped width is approximately 0.4 cm indicating a good sand pack in the reservoir. Furthermore, the similarity in distributions suggests that the fracture closed on the proppant before it settled td the bottom of the fracture, as is proposed in enhanced convection conditions. Had the sand settled to the bottom of the fracture, the proppant distribution would have changed radically with the peak shifting downward to indicate residual deformation near the bottom. These kinds of measurements can be valuable in assessing whether mechanisms such as convection actually play a significant role in normal fracturing treatments.
IN SITU MODULI
A serious concern for any modeling of the earth is the appropriate modulus to use in the analysis. Static lab measurements give accurate data for competent pieces of the rock material but do not address the effects of fractures and other discontinuities on the modulus for a reservoir as a whole. The finite-element modeling of the inclination results at M-Site have provided some information in regard to the appropriate modulus value for tight rocks such as found in the Mesaverde formation at M-Site.
Initial modeling of the inclination data used laboratory quasi-static modulus values obtained on core at appropriate stress, at lab strain rates, and at room temperatures. These data provided the results given in this paper and were found to be quite acceptable for all modeling. Young's modulus and Poisson's ratio for the B sandstone were 31.5 GPa and 0.2, while for shales the values were typically 16.5 GPa and 0.24, respectively. An attempt was made, however, to try modeling with two different sets of moduli: (1) dynamic moduli which were about twice as large as the static values and are typical of the moduli obtained from sonic logs; and (2) reduced moduli which were decreased by a factor of 2 to account for natural fractures and other scale effects. It was quickly found the neither of these alternate moduli would allow for realistic modeling of the measured data. The dynamic modulus case required fractures that were extremely tall to match the amplitude, but then had a shift in the location of the peak. The reduced moduli calculations produced fractures that would not even propagate through half of the height of the sandstone to match the amplitudes of the measured inclinations. If it is assumed that the seismic heights are relatively accurate, then the moduli can not be changed more than about 10% or the modeled distribution will not match the measured data. These results confirm that in these tight rocks, laboratory quasi-static values measured at stress provide accurate moduli for deformation analyses.
APPLICATION
This series of tests shows that a downhole inclinometer array, while expensive to cement in the ground, can provide important fracture diagnostic capabilities. More appropriately, if such an array could be deployed in a wireline-run array, it could be installed in offset wells more than a kilometer away from the fracture and provide high quality data. Because of the large strains generated by the treatment and the nanoradian resolution of current tiltmeter devices, well spacing is not a significant restraint on the application of this technology. Furthermore, these results suggest that a downhole inclinometer array holds promise for monitoring many other geophysical processes and natural occurrences.
CONCLUSIONS
A series of experiments conducted at the GRUDOE M-Site facility has shown that a downhole tiltmeter array, called an inclinometer array to distinguish it from surface tiltmeters, can provide high quality data to resolve many hydraulic fracture parameters and mechanisms. Based on the inclinometer results, it was found that the microseismic technique accurately measures the height of a hydraulic fracture in this reservoir environment, the main purpose for emplacing the array. Furthermore, the inclinometers have been found to be useful for accurately measuring the closure stress of the reservoir, obtaining fracture widths both during and after pumping, and estimating the distribution of proppant after closure. Finally, the inclinometer data have also been used to evaluate the correct moduli to be used in analyzing geophysical processes in this tight-sandstone environment.
